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Evolução química e isotópica dos fluídos associados à mineralização de 
Fe-Cu-Au do depósito Alvo 118, Província Mineral de Carajás (PA) 
RESUMO 
Tese de mestrado 
Ignacio Torresi 
O depósito de óxido de ferro-cobre-ouro (IOCG) Alvo 118 (170 Mt @ 1,0 wt% Cu, 0,3 g/t Au), junto aos 
depósitos de classe mundial de Sossego e Cristalino, situam-se no setor sul da Província Mineral de 
Carajás (PMC) alinhados e uma zona de cisalhamento subvertical regional, de direção WNW–ESE, e 60 
km de extensão, próximo ao contato do Supergrupo Itacaiúnas, uma sequência metavulcano-sedimentar 
(~2,76 Ga), com o embasamento arqueano (Complexo Xingu; ~3,0 Ga). A mineralização de Cu-Au no 
depósito Alvo118 é hospedada por rochas vulcânicas máficas e intermediárias, corpos de granitos e 
gabbros, que foram sujeitos à seguinte sequência de alteração hidrotermal em direção ao minério de Cu: 
(1) alteração sódica representada por albita e escapolita, o que indica circulação de fluídos quentes 
(>500°C) e salinos; (2) alteração potássica dominada pela presença de biotita e k-feldspato, 
respectivamente, nas rochas máficas e intermdiárias, acompanhada de formação de magnetita e 
silicificação; (3) alteração a clorita, espacialmente associada brechas quartzo-carbonáticas mineralizadas a 
calcopirita e stockworks de veios que normalmente apresentam estruturas de preenchimento de espaço; 
(4) alteração a quartzo-sericita tardia à mineralização. A assembléia mineral da mineralização é dominada 
por calcopirita (80%), acompanhado de bornita (10%), magnetita (10%), hematita (10%), e traços de 
teluretos de Au-Ag, galena e cassiterita. Diferente de outros depósitos do tipo IOCG da PMC, onde ETRL 
estão presentes em apatita, allanita e monazita, no Alvo 118 o enriquecimento é em ETRP. Neste depósito 
os ETRP estão concentrados principalmente em apatite e em um mineral pobre em alumínio, um silicato de 
Be-B-ETRP do grupo da gadolinite, que nunca foi descrita em qualquer depósito do tipo IOCG do mundo. 
Estudos de inclusões fluídas em quartzo e calcite apontam pra um regime de fluídos, em que soluções 
hipersalinas e quentes, representada por inclusões trifásicas, fossem progressivamente esfriadas e diluídas 
por fluídos de baixa salinidade, representada por incluões bifásicas, que dominam na mineralização do 
Alvo 118. Valores de δ18OH2O em equlíbrio com calcita (-1.9‰ a 10.7‰ a 300°C) sugerem forte interação 
entre os fluídos mineralizantes e as rochas hospedeiras, como também prolongada mistura com fluídos 
meteóricos. A composição de δ34S em calcopirita (5.1‰ a 6.3‰) difere daquela de fonte 
mantélica/magmática, reforçando a possibilidade de fontes de enxofre mais pesado (sulfatos de 
evaporitos?) para os sulfetos da brecha e dos veios mineralizados. A alteração sódica de alta temperatura, 
a sobreposição de alteração potássica e a alteração a clorita proximal, a brecha de quartzo-carbonática 
mineralizada e os valores de δ18O indicam que o Alvo 118 é um sistema IOCG que evoluiu em níveis 
estruturais superiores, nível crustal raso, envolvendo o influxo de águas meteóricas. 
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Chemical and isotopic evolution of the fluids from the Alvo 118 Fe-Cu-Au 




The Alvo 118 iron oxide-copper-gold (IOCG) deposit (170 Mt @ 1,0 wt% Cu, 0,3 g/t Au), together with the 
world-class Sossego and Cristalino deposits, lie in the southern sector of the Carajás Mineral Province 
(CMP) along a steeply-dipping, WNW–ESE-striking, 60 km-long shear zone, close to the contact of the 
Itacaiúnas Supergroup metavolcano-sedimentary sequence (~2,76 Ga) and the basement (Xingu Complex; 
~3,0 Ga). The Cu-Au mineralization at the Alvo 118 is hosted by mafic and felsic metavolcanic rocks and 
crosscutting granitoid and gabbro bodies that have been subjected to the following hydrothermal alteration 
sequence towards the ore zones: (1) sodic alteration represented by albite and scapolite, indicating the 
circulation of hot (>500°C) and highly saline fluids; (2) potassium alteration dominated by biotite or K-
feldspar, respectively, in mafic and felsic volcanic and intrusive rocks, accompanied by the formation of 
magnetite and silicification; (3) chlorite alteration spatially associated with carbonate-quartz ore breccia and 
vein stockworks that commonly display open-space filling textures; (4) local post-ore quartz-sericite 
alteration. The ore assemblage is dominated by chalcopyrite (80%), accompanied by bornite (10%), 
magnetite (10%), hematite (10%), and traces of Au-Ag tellurides, galena and cassiterite. Dissimilar from 
other IOCG deposits of the CMP where LREEs are commonly enriched in apatite, allanite and monazite, the 
Alvo 118 ore displays enrichments of HREEs. In this deposit the HREEs are mainly concentrated in apatite 
and in an Al-poor, Be-B-HREE silicate of the gadolinite group which has never been reported in IOCG 
systems worldwide. Fluid inclusion studies in quartz and calcite point to a fluid regime in which hot brine 
solutions, represented by < 10 vol.% of salt-bearing aqueous inclusions, were progressively cooled and 
diluted by lower temperature, low-salinity (< 10 wt% NaCl eq.) aqueous fluids defined by two-phase 
aqueous inclusions, by far the dominant type. δ18OH2O values in equilibrium with calcite (-1.9‰ to 10.7‰ at 
300°C) suggest strong interaction between ore fluids and the host rocks, as well as prolonged mixing with 
meteoric fluids. The δ34S composition of chalcopyrite (5.1‰ to 6.3‰) differs from a mantle/magmatic source 
adding the possibility of heavier sulfur sources (e.g., evaporite sulfate?) for the ore breccia and vein 
sulfides. The restricted high temperature sodic alteration, the pervasive overprinting of the potassic 
alteration minerals (biotite and K-feldspar) by chlorite proximal to the ore zones, quartz-calcite-chlorite ore 
breccias/veins with open-space filling textures in brittle structures, and the δ18O data collectively indicate 
that the Alvo 118 IOCG system developed at structurally high levels and experienced the influx of evolved 
meteoric water. 
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Prefácio 
Este projeto de mestrado começou a ser desenvolvido no início de 2007, porém desde meu 
terceiro ano de graduação estudo a região de Carajás junto ao Prof. Dr. Roberto Perez Xavier, concluindo 
na graduação duas iniciações científicas na Unicamp sobre o depósito Sossego, explorado pela Vale. 
Desde essa época eu fazia parte do grupo de pesquisa em Evolução Crustal e Metalogênese do IG-
Unicamp, focando a Província Mineral de Carajás, em projeto de estudo mais amplo em depósitos de Cu-
Au, sendo financiado por projeto da Fapesp “Ambiente tectônico e metalogênese dos depósitos de ouro e 
cobre das Províncias Minerais do Tapajós (MT) e Carajás (PA)” e de auxílio à pesquisa “Depósitos de Au-
(Cu) da Província do Tapajós, Segmento Teles Pires-Peixoto Azevedo (MT), e óxido de Fe-Cu-Au da 
Província Mineral de Carajás (PA) associados a intrusivas félsicas: um estudo comparativo”, esse último 
coordenado pelo prof. Roberto. Com o andamento do projeto orientei-me dentre as áreas de atuação da 
geologia e assim consegui trabalhar com o que mais me atraía: a exploração mineral. Comecei 
desenvolvendo um trabalho no corpo de minério Pista, do depósito de Sossego, o que complementaria a 
linha de pesquisa do grupo, que incluíam a Prof. Dr. Lena Virgínia Soares Monteiro e Dr. Emerson de 
Resende Carvalho. Com o trabalho comecei a me interessar na história de exploração de Carajás, 
culminando após minha formação em um projeto de mestrado com o título “Evolução química e isotópica 
dos fluídos associados à mineralização de Fe-Cu-Au do depósito Alvo 118, Província Mineral de Carajás 
(PA)”. Este projeto foi submetido à Comissão de Pós-Graduação do Instituto de Geociências da Unicamp 
sendo aceito, e assim ingressei como aluno de mestrado bolsista pelo CNPQ. Em março de 2008, com o 
mestrado em andamento, recebi a proposta da Xstrata Copper para trabalhar em Carajás com exploração 
mineral, focando a pesquisa em depósitos do tipo IOCG, como o Alvo 118 e Sossego. A empresa 
interessou-se pelo meu histórico de estudos na região, e a partir de abril deixei de ser bolsista do CNPQ e 
comecei trabalhar na empresa, morando em Parauapebas (PA) e continuando o mestrado na Unicamp. 
Apesar das dificuldades de cursar o mestrado e trabalhar no Pará ao mesmo tempo, o fato de ter a 
oportunidade de trabalhar em Carajás e ter contato direto com o Grupo de Pesquisa da Província Mineral 
de Carajás do IG-Unicamp fez o desenvolvimento deste trabalho algo muito instigante para mim e 
aumentou meu conhecimento nas diversas áreas da geologia econômica e exploração mineral. Isso 
culminou na minha aproximação cada vez maior com a região, podendo ter o prazer de contribuir para 
aumentar o conhecimento geológico sobre o que é considerado umas das maiores províncias minerais do 
mundo. 
 
Torresi, I. 2009. Evolução química e isotópica dos fluídos associados à mineralização de Fe-Cu-Au do depósito Alvo 118, Província 
Mineral de Carajás (PA). 
2 
1. Introdução 
A Província Mineral de Carajás (PMC) hospeda a maior concentração conhecida de depósitos de 
óxido de ferro-Cu-Au (Iron Oxide – Copper – Gold ou IOCG) de classe mundial, incluindo, Salobo (789 Mt 
@ 0,96 wt% Cu, 0,52 g/t Au, 55 g/t Ag; Souza & Vieira 2000), Cristalino (300 Mt @ 1,0 wt% Cu; 0,3 g/t Au, 
Huhn et al. 1999), Igarapé Bahia/Alemão (219 Mt @ 1,4 wt% Cu, 0,86 g/t Au; Tallarico et al. 2005) e 
Sossego (350 Mt of 1.1% Cu, 0.28 g/t Au) (Figura 1B). Esses depósitos geralmente apresentam associação 
do minério com extensas zonas de alteração hidrotermal alcalina, enriquecimento em elementos terras 
rara, Co, Ni, Pd e U, formação de óxido de ferro (magnetita + hematita) seguida por sulfetação, 
proximidade a intrusões de diferentes composições (granito, diorito, gabro, diques de quartzo pórfiro), além 
da associação com zonas de cisalhamento e com fluidos hipersalinos (Lindenmayer, 1990; Réquia et al. 
2003; Almada, 1998; Ronchi et al., 2000; Villas & Santos, 2001; Dreher, 2004; Tallarico et al., 2005; 
Carvalho 2009; Monteiro et al., 2009). Tais atributos têm sido considerados característicos da classe de 
depósitos do tipo IOCG, que se tornaram mundialmente um dos grandes alvos da pesquisa mineral, por 
incluir importantes depósitos, tais como Olympic Dam (8.0 Bt, 1.8% Cu; 0.5 g/t Au) e Ernest Henry (166 Mt, 
1.1% Cu; 0.54 g/t Au) na Austrália e Candelária (384 Mt, 1.07% Cu; 0.27 g/t Au) no Chile (Haynes 2000). 
Embora nem todos tenham sido adequadamente datados, esses depósitos da PMC são considerados os 
únicos representantes de depósitos do tipo IOCG Arqueanos conhecidos até o presente momento. 
Entretanto, ainda não há um modelo genético consensual para essa classe de depósitos, uma vez 
que a diversidade de características de depósitos IOCG (ambiente geotectônico, idades, rochas 
hospedeiras, paragêneses minerais) e evidências indicativas da origem dos fluidos hidrotermais, das altas 
salinidades e dos metais sugerem que distintos processos geológicos desenvolvidos em diferentes 
ambientes e condições físico-químicas poderiam ser responsáveis pela gênese dos depósitos nos vários 
distritos (Hitzman, 2000; Williams et al., 2005). Assim, também o modelo genético para os depósitos IOCG 
de Carajás pode ser único refletindo as peculiaridades da evolução dessa importante província 
metalogenética. 
O depósito de Cu-Au denominado Alvo 118 (170 Mt @ 1,0 wt% Cu, 0,3 g/t Au), localizado na borda 
sul da Serra dos Carajás (Figura 1) e objeto de estudo desta tese, faz parte das descobertas minerais da 
Companhia Vale na Província Mineral de Carajás. Apesar da sua importância econômica, não há estudos 
sistemáticos que conduzam a uma discussão mais qualificada de sua gênese. A exemplo do depósito de 
Gameleira (100 Mt @ 0,7 wt% Cu), o Alvo 118 tem sido incluído na categoria de depósitos do tipo IOCG 
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(Rigon et al. 2000; Lindenmayer et al. 2001), porém mais recentemente outros autores sugerem, com base 
na associação metálica, alteração hidrotermal e paragênese do minério,  o seu enquadramento juntamente 
com depósitos de Cu-Au (W-Sn-Bi) da província, como os de Breves, Estrela e Águas Claras, de idade 
Paleoproterozóica (Grainger et al. 2007). 
Dessa forma, o estudo do depósito Alvo 118 no contexto dessa tese deu ênfase a evolução 
química e isotópica dos fluidos responsáveis pela formação da mineralização de Cu-Au, com a meta de 
definir parâmetros adicionais que possam contribuir para uma melhor compreensão da gênese desse 
depósito. Essa pesquisa foi desenvolvida em conjunto com um estudo das rochas hospedeiras e da 
alteração hidrotermal do Alvo 118 no âmbito de um projeto de Conclusão de Curso no IG/UNICAMP pelo 
aluno Diego Bortholoto. Além disso, esse projeto faz parte de um estudo mais amplo em depósitos de Cu-
Au na PMC que está sendo realizado pelo grupo de pesquisa em Evolução Crustal e Metalogênese do 
IG/UNICAMP, coordenado pelo Prof. Dr. Roberto Perez Xavier. 
2. Objetivos 
Esta tese tem por objetivo determinar a evolução química e isotópica dos fluidos relacionados à 
mineralização de Cu-Au do depósito Alvo 118, contribuindo para uma melhor compreensão dos principais 
processos envolvidos na sua formação. Para isso, a pesquisa foi conduzida por meio dos seguintes 
estudos: 1- Estilos da alteração hidrotermal. O desenvolvimento de zonas de alteração hidrotermal 
depende, dentre outros fatores, da natureza dos fluidos presentes no ambiente da mineralização. Logo, o 
estudo da alteração hidrotermal fornece indicações sobre os atributos químicos do fluido mineralizante e as 
condições físico-químicas (temperatura, pH, condições de oxidação-redução, razão fluido-rocha, etc) no 
ambiente da mineralização. 
2- Caracterização da composição química e assinatura isotópica dos fluidos mineralizantes, para a 
determinação das possíveis fontes de seus componentes e dos metais. A química destes fluidos influencia 
em sua eficiência no transporte de metais, ao passo que o seu caminho evolutivo durante o tempo de 
formação do sistema hidrotermal determina mudanças nas suas condições de oxidação-redução e 
eficiência na deposição dos metais. A definição de possíveis fontes dos fluidos mineralizantes, por outro 
lado, pode associá-los a eventos geológicos específicos (e.g. magmatismo, metamorfismo, influência de 
águas meteóricas ou conatas) e, como resultado, contribuir para o modelo genético do depósito 
investigado. 
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3. A Província Mineral de Carajás e o Alvo 118 
A Província Mineral de Carajás (PMC) situa-se em um núcleo Arqueano da porção sudeste do 
Cráton Amazônico, constituído por terrenos granito-greenstone, complexos metamórficos de alto grau e 
seqüências metavulcano-sedimentares, inserindo-se na Província Amazônia Central (Tassinari et al. 2000, 
Santos et al. 2001) (Figura 1A). 
A PMC pode ser dividida nas subprovíncias Rio Maria, a sul, e Cinturão de Cisalhamento 
Itacaiunas, a norte. A primeira é constituída predominantemente por terrenos granito-greenstone e é mais 
antiga do que o segmento norte, que contém os principais depósitos de Cu-Au, inclusive o Alvo 118.  
Na porção norte da PMC (Figura 1B), sobre as rochas do embasamento, representado pelo 
Complexo Xingu, ocorre uma seqüência de rochas metavulcano-sedimentares, agrupadas no Supergrupo 
Itacaiúnas (Docegeo 1988), que hospedam importantes depósitos de Fe, Cu, Au e Mn.  
O Supergrupo Itacaiúnas compreende os Grupos Igarapé Salobo (2,761 Ga; Machado et al. 1991), 
Pojuca (2,732 Ga), Grão-Pará (2,759 Ga), Igarapé Bahia (2,747 Ga) e Buritirama, sobre os quais se 
assentam as rochas sedimentares clásticas do Grupo Rio Fresco / Formação Águas Claras (2,645 Ga; 
Dias et al. 1996). 
O Grupo Grão Pará, no qual se hospeda o depósito Alvo 118, subdivide-se em três unidades 
(Tolbert et al. 1971, Beisiegel et al. 1973): (i) Formação Parauapebas, composta por basaltos e andesitos 
basálticos associados a riolitos e aglomerados de brechas, além de níveis de tufos subordinados; (ii) 
Formação Carajás, constituída por formações ferríferas bandadas (BIF`s), com alternância de bandas de 
chert e óxido de ferro e (iii) Unidade Vulcânica Máfica Superior contendo basaltos e andesitos basálticos, 
com intercalações de horizontes piroclásticos. 
Na PMC são registradas diversas gerações de intrusões máficas e ultramáficas, como o Complexo 
Luanga (2,76 Ga; Machado et al. 1991) e de corpos graníticos pertencentes ao Complexo Estrela (2,76 Ga; 
Barros et al. 2001), Suíte Plaquê (2,74 Ga; Avelar et al. 1999), Sossego/Cristalino (2,76 a 2,57 Ga) e Old 
Salobo (2,57 Ga; Machado et al. 1991). A deformação e o metamorfismo regional associados às zonas de 
cisalhamento regionais ocorreram de 2,7 a 2,5 Ga, quando a área se tornou estável, caracterizando o 
Evento Carajás (Dardenne & Schobbenhaus, 2001). A região também foi afetada por intrusões de stocks e 
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batólitos graníticos anorogênicos da Suíte Granito Central de Carajás/Young Salobo de idade 
Paleoproterozóica (1,88 Ga; Machado et al. 1991). 
As informações geológicas disponíveis sobre o depósito de Cu-Au Alvo 118 são 
predominantemente relativas aos relatórios de geologia básica de pesquisa da Vale, com poucos trabalhos 
científicos sobre o depósito. Na área do depósito predomina uma seqüência vulcanossedimentar, 
metamorfisada na fácies xisto verde constituída por metabasaltos, rochas vulcanoclásticas e formações 
ferríferas bandadas atribuídas ao Grupo Grão Pará, intrudida por corpos de gabro e granito pertencentes a 
Suíte Plaquê (Figura 2), (Albuquerque et al. 2001). O corpo mineralizado principal do depósito tem direção 
N50W, situando-se no mesmo domínio estrutural das mineralizações de Cu-Au da mina de Sossego 
(corpos Pista, Sequeirinho e Sossego). A mineralização primária de Cu-Au hospeda-se em uma zona 
subvertical de brechas contendo clastos de granito e gabros/xistos intensamente cloritizados imersos em 
matriz formada por calcopirita, magnetita, pirita e bornita (Rigon et al. 2000). 
Associada à zona mineralizada com calcopirita tem-se intensa alteração hidrotermal representada 
por calcita, siderita, feldspato K e sílica, que ocorrem em veios e na matriz da brecha mineralizada (Figura 
3). As rochas hospedeiras da mineralização possuem uma alteração hidrotermal a clorita predominante, 
sendo esta de grande abragência, englobando a zona mineralizada. Subordinada a esta cloritização as 
rochas encaixantes possuem outras alterações também envolvendo a mineralização, como potassificação 
(formação de feldspato K e biotita), carbonatação (em veios e disseminada na matriz), formação de óxidos 
de ferro como hematita e magnetita. 
Dados isotópicos já foram elaborados sobre o depósito Alvo 118 (Tallarico, 2003). Cinco idades 
entre a mineralização e as rochas encaixantes foram obtidas pelo método Pb-Pb, tendo sido datados um 
tonalito (2743 ± 3, zircão magmático, idade de cristalização), um dique de dacito (2645 ± 9, zircão 
magmático, idade de cristalização), um dique de riolito (2654 ± 9, zircão magmático, idade de 
cristalização), o minério de Cu-Au maciço (1869 ± 9, xenotima, alteração hidrotermal) e veios de quartzo e 
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Figura 1. (A) Localização da Província Mineral de Carajás no Cráton Amazônico. Ao lado a divisão da provincial em dois blocos 
tectônicos, Cinturão de cisalhamento Itacaiúnas (CCI) e Terreno granito-greenstone de Rio Maria (TGGRM, modificado de Villas 
& Santos, 2001). (B) Principais unidades litológicas e estruturas regionais do setor norte da Província Mineral de Carajás 
(modificado de CPRM 2008). 
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Figura 2. (A) Mapa geológico do Alvo 118 no setor sul do Cinturão de cisalhamento Itacaiúnas. Notar que as zonas de alto e 
baixo teor estão orientadas na direção NW-SE- (Trend principal), e WNW-ESE- (Trend 2), que são os trends que cortam todas a 
principais rochas da área do depósito. (B) Seções geológicas do depósito Alvo 118 interpretadas dos testemunhos descritos. 
Compilado e modificado de Vale e CPRM 2008. 
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Figura 3. Brecha mineralizada do depósito Alvo 18, com concentração de calcopirita na matriz constituída predominantemente 
por carbonato e clorita envolvendo fragmentos das rochas hospedeiras com trama cloritizada. 
4. Materiais, métodos e organização da tese 
Para alcançar os objetivos propostos neste trabalho foi efetuada uma etapa de campo de 15 dias 
na Província Mineral de Carajás. No campo foi dada ênfase à descrição em detalhe e sistematização de 
informações obtidas a partir de testemunhos de sondagem do depósito Alvo 118. Adicionalmente, foi 
também realizada amostragem sistemática de trechos de testemunhos de sondagens representativos de 
diferentes rochas hospedeiras, dos tipos de alteração hidrotermal e de minério em diversos segmentos do 
depósito. Foram analisados 15 testemunhos de sondagens totalizando aproximadamente 3000 metros 
descritos. 
Estudos petrográficos foram realizados no Instituto de Geociências da Universidade Estadual de 
Campinas visando à identificação de rochas hospedeiras das mineralizações, evolução paragenética 
associada aos diferentes tipos de alteração hidrotermal, relações texturais entre os minerais de minério e 
de ganga, relações entre paragêneses e microestruturas, sobreposições de feições tectônicas e de eventos 
hidrotermais. Especialmente em amostras mineralizadas foram conduzidos estudos visando à 
determinação das paragêneses de minério imprescindíveis aos estudos de isótopos estáveis e da evolução 
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dos fluidos hidrotermais. Análises de microscopia eletrônica de varredura foram realizadas visando à 
caracterização detalhada de fases minerais, seus zoneamentos composicionais, exsoluções e 
intercrescimentos, assim como o estabelecimento de controles rígidos das relações micro-estruturais e 
texturais dos minerais com suas variações químicas e isotópicas. Esses últimos foram fundamentais para a 
identificação de sobreposições de eventos hidrotermais e para a compreensão da evolução temporal dos 
processos mineralizantes. 
Análises de inclusões fluidas, com utilização das técnicas de microtermometria, foram feitas em 
quartzo e calcita, presentes em zonas mineralizadas do Alvo 118. O objetivo deste estudo foi caracterizar 
os parâmetros físico-químicos (composição, densidade, salinidade) dos fluidos envolvidos na alteração 
hidrotermal e no processo mineralizante. A microtermometria deverá foi conduzida nos laboratórios do IG-
Unicamp, utilizando-se uma platina de aquecimento/refrigeração LINKAM THMSG600, adaptada a um 
microscópio petrográfico Leica, e conectada a uma unidade controladora de temperatura LINKAM TMS92. 
Análises de isótopos estáveis foram efetuadas em amostras criteriosamente selecionadas com 
base nos estudos petrográficos. As análises de isótopos de oxigênio foram feitas em calcita. A análise 
destes isótopos permitiu a determinação indireta da composição isotópica de oxigênio do fluido 
responsável pela formação das fases mineralizadas e de ganga, através de cálculos utilizando a 
composição isotópica da fase mineral, os fatores de fracionamento mineralágua determinados empírica ou 
teoricamente (Zheng, 1994), e os valores de temperatura estimados para a mineralização, possibilitando a 
caracterização de variações isotópicas relacionadas a evolução temporal do sistema hidrotermal. 
Adicionalmente, análises de isótopos de carbono em calcita e de enxofre em calcopirita possibilitaram a 
caracterização de fontes desses elementos. 
Parte dos dados isotópicos de carbono e oxigênio em carbonato, oxigênio em quartzo foram 
obtidos em laboratório comercial no exterior. Dados adicionais de carbono e oxigênio em carbonatos foram 
obtidos pessoalmente no Laboratório de Isótopos Estáveis da Universidade de Pernambuco durante a 
evolução da pesquisa. 
Os objetivos propostos para o desenvolvimento deste projeto foram alcançados, e os resultados 
estão apresentados na forma de um artigo para publicação, que está como anexo neste documeto. Embora 
todos os co-autores tenham auxiliado na elaboração do artigo, Ignácio Torresi como autor correspondente 
é responsável por todos os possíveis erros contidos no artigo original. Além do artigo, o desenvolvimento 
deste trabalho também resultou em dois resumos expandidos (Torresi et al. 2008a e Torresi et al. 2008b), 
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apresentados no 44º. Congreso Brasileiro de Geologia e no 33º. International Geological Congress, em 
Oslo, Noruega. 
No Anexo está contida a seguinte referência: “Torresi, I, Bortholoto, D.F.A, Xavier, R.P , Monteiro, 
L.V.S 2009. Hydrothermal alteration, fluid inclusions and stable isotope systematics of the Alvo 118 iron-
oxide-copper-gold deposit, Carajás Mineral Province (Brazil): implications for ore genesis”. 
 
5. Discussão e revisão do artigo elaborado 
Dentre os outros depósitos do tipo IOCG da Província Mineral de Carajás, o Alvo 118 compartilha 
características em comum como: (1) natureza das rochas hospedeiras; (2) relação espacial com zonas de 
cisalhamento e intrusões de diferentes composições; (3) alteração hidrotermal intensa com progressiva 
alteração Na a tardia K e finalmente precipitação de sulfetos (Figura. 4 - 5); (4) temperaturas de 
homogeneização variáveis das inclusões fluídas (100–570°C) e salinidades (0 to 69 wt% NaCl eq.) em 
minerais de minério; e (5) uma assinatura geoquímica enriquecida em Fe-Cu-Au ± REE, U, P,Co, Ni 
(Monteiro et. al., 2009 e Moreto et. al., 2009). 
Relações entre a evolução paragenética em muitos depósitos de IOCG nas redondezas dos 
depósitos de Sossego e Alvo 118 (ex. Castanha, Jatobá, and Bacaba), sugerem uma sincronicidade na 
evolução dos paleo-sistemas hidrotermais responsáveis pela gênese desses depósitos. Estágios iniciais de 
alteração hidrotermal (Na e K) são pre- a sintectônicos e associados com o desenvolvimento de zonas de 
cisalhamento dúcteis a dúcteis-rúpteis. Essas estruturas atuaram como canais regionais para fluídos dos 
depósitos estruturalmente controlados. Estudos em escala regional indicam que falhas e zonas de 
cisalhamento estão associadas a intensas zonas de alteração hidrotermal na PMC, o que contribuiu para 
que esses fluídos interagissem com uma grande variedade de rochas em escala regional. Evidências 
geológicas em conjunto com dados de inclusões fluídas e isotopos estáveis do Alvo 118, sugerem que a 
deposição do minério dentro e próximo a essas estruturas ocorreu em níveis crustais mais rasos que no 
depósito Sossego. A transição de um regime dúctil-rúptil para um rúptil é acompanhada pela precipitação 
da mineralização de Cu-Au e alteração hidrotermal tardia (cloritização, carbonatização, alteração 
hidrolítica). Sistemas hidrotermais de alta temperatura (> 500 oC), controlados por fluxos de fluídos em 
zonas de cisalhamento regionais foram os primeiros a se desenvolver, seguido por formação de brechas 
hidrotermais e precipitação de Cu em condições rúpteis a mais baixas temperaturas (< 300 oC). Valores 
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mais pesados de 34S daqueles encontrados para fluídos de origem magmáticamatic, são similares aos 
encontrados por Monteiro et al., (2008), para Sossego e outros depósitos de IOCG da PMC, e diferem dos 
valores em depósitos como o Breves, que são considerados intrusion related. Estas fontes mais pesadas 
de enxofre poderiam ser explicadas pelo influxo de enxofre oxidado da superfície, canalizados pela entrada 
de fluídos meteóricos no sistema, ou por lixiviação de enxofre de rochas ígneas em escala regional. Os 
valores baixos de δ18OH2O da mineralização podem ser consistentes com o regime rúptil de deformação, 
que é inferido pelo preenchimento de brechas hidráulicas por calcita e quartzo, que poderia haver permitido 
a entrada de fluídos meteóricos de baixa temperatura no sistema, sugerindo um progressivo influxo de 
fluídos depletados em 18O no estágio de mineralização. 
O depósito Alvo 118 contém uma sequencia paragenética de alteração e mineralização consistente 
reconhecida no depósito Sossego, porém com assembléias de alteração hidrotermais mais rasas. Isto, em 
conjunto com uma evolução de fluído similar, fontes de enxofre, isótopos estáveis de C e O, sugere uma 
história de evolução comum a ambos. Entretanto, os dados geocronológicos disponíveis para os depósitos 
de IOCG da região do Sossego e Alvo 118 são poucos. A precisão desses dados também é contestada, 
não sendo suficiente para sustentar a associação genética de ambos. Adicionalmente, datações efetuadas 
resultaram em mais de uma idade geocronológica em um mesmo depósito. Essas diferenças de idade 
poderiam estar refletindo: (1) reset parcial dos sistemas isotópicos provocado por reativação tectônica em 
zonas de cisalhamento e/ou atividade granítica durante o arqueano e paleoproteróico reconhecido em todo 
o Cráton Amazônico (Monteiro et. al., 2009); (2) possível presença de depósitos híbridos, com duas 
mineralizações, uma de assinatura IOCG e outra de assinatura intrusion related (Tallarico, 2003); (3) e 
possibilidade da existência de sistemas de Cu-Au paleoproteróicos com óxido ferro na PMC (Lobato et. al., 
2009). 
 
Figura 4. Sequência esquemática dos estágios de alteração 
hidrotermal reconhecidos nas porções distais e proximais do 
Alvo 118 (modificado de Bortholoto 2007). 
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Figura 5. Modelo esquemático ilustrando a evolução do depósito Alvo 118. Note que somente os principais estágios de 
alteração hidrotermal estão representados. Qtz=quartzo; Cal=calcita; Cpy=calcopirita; Hem=hematita; Mag=magnetita; Bn=bornita. 
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6. Conclusões 
As zonas de alteração hidrotermal do Alvo 118 são similares aquelas reconhecidas em diferentes 
profundidades de depósitos IOCG em todo o planeta. O depósito foi subemtido a uma alteração regional 
Na (albita) e Na-Ca controlada por fluxo de fluídos em zonas de cisalhamento regionais em suas porções 
mais distais. Esses tipos de alteração são típicos de porções mais profundas de sistemas IOCG. Por outro 
lado as alterações próximas ao minério mostrão padrão típico de porções de níveis crustais rasos de 
sistemas IOCG. Corpos de hematita-magnetita foram formados por fluídos de baixa temperature (<250°C) 
e depletados em 18O com baixa salinidade e de fontes externas, misturando-se com fluídos 
formacionais/metamórficos de alta temperatura e salinidade, possivelmente que interagiram ou 
incorporaram fluídos magmáticos e de salmouras (Xavier et al., 2009), mas extremamente modificados 
pela interação com rochas magmáticas e unidades metavulcano-sedimentares. Os metais, e 
provavelmente o enxofre, foram lixiviados das rochas hospedeiras em extensos sistemas hidrotermais 
gerados pelo calor de intrusões ou atividade tectônica. Distanciando-se desses corpos de hematita-
magnetita de baixa temperature, alteração Na-Ca, e Na regional com escapolitização local da rochas, 
reflete um aumento dos valores de δ18OH2O, o que sugere a mistura com fluídos regionais enriquecidos em 
18O. A mineralização de Cu-Au foi tardia na evolução do sistema hidrotermal. Ela é marcada por uma 
diminuição da temperatura para abaixo dos 350°C e influxo de fluídos hidrotermais meteóricos depletados 
em 18O. O estágio de formação de minério é acompanhado por uma transição de regime de deformação 
dúctil-rúptil para rúptil, que pode ser associado com descompressão devido à quebra hidráulica episódica 
das rochas e bombeamento de fluídos para superfície. Estes eventos podem ter permitido o influxo de 
fluídos meteóricos no sistema que resultarão em uma diluição e resfriamento  de fluídos quentes, de alta 
salinidade e metalíferos, causando a deposição dos metais transportados por complexos cloretados. 
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Abstract 
The Alvo 118 iron oxide-copper-gold (IOCG) deposit (170 Mt @ 1,0 wt% Cu, 0,3 g/t Au), together 
with the world-class Sossego and Cristalino deposits, lie in the southern sector of the Carajás Mineral 
Province (CMP) along a steeply-dipping, WNW–ESE-striking, 60 km-long shear zone, close to the contact 
of the Itacaiúnas Supergroup metavolcano-sedimentary sequence (~2,76 Ga) and the basement (Xingu 
Complex; ~3,0 Ga). The Cu-Au mineralization at the Alvo 118 is hosted by mafic and felsic metavolcanic 
rocks and crosscutting granitoid and gabbro bodies that have been subjected to the following hydrothermal 
alteration sequence towards the ore zones: (1) sodic alteration represented by albite and scapolite, 
indicating the circulation of hot (>500°C) and highly saline fluids; (2) potassium alteration dominated by 
biotite or K-feldspar, respectively, in mafic and felsic volcanic and intrusive rocks, accompanied by the 
formation of magnetite and silicification; (3) chlorite alteration spatially associated with carbonate-quartz ore 
breccia and vein stockworks that commonly display open-space filling textures; (4) local post-ore quartz-
sericite alteration. The ore assemblage is dominated by chalcopyrite (80%), accompanied by bornite (10%), 
magnetite (10%), hematite (10%), and traces of Au-Ag tellurides, galena and cassiterite. Dissimilar from 
other IOCG deposits of the CMP where LREEs are commonly enriched in apatite, allanite and monazite, the 
Alvo 118 ore displays enrichments of HREEs. In this deposit the HREEs are mainly concentrated in apatite 
and in an Al-poor, Be-B-HREE silicate of the gadolinite group which has never been reported in IOCG 
systems worldwide. Fluid inclusion studies in quartz and calcite point to a fluid regime in which hot brine 
solutions, represented by < 10 vol.% of salt-bearing aqueous inclusions, were progressively cooled and 
diluted by lower temperature, low-salinity (< 10 wt% NaCl eq.) aqueous fluids defined by two-phase 
aqueous inclusions, by far the dominant type. δ18OH2O values in equilibrium with calcite (-1.9‰ to 10.7‰ at 
300°C) suggest strong interaction between ore fluids and the host rocks, as well as prolonged mixing with 
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meteoric fluids. The δ34S composition of chalcopyrite (5.1‰ to 6.3‰) differs from a mantle/magmatic source 
adding the possibility of heavier sulfur sources (e.g., evaporite sulfate?) for the ore breccia and vein 
sulfides. The restricted high temperature sodic alteration, the pervasive overprinting of the potassic 
alteration minerals (biotite and K-feldspar) by chlorite proximal to the ore zones, quartz-calcite-chlorite ore 
breccias/veins with open-space filling textures in brittle structures, and the δ18O data collectively indicate 
that the Alvo 118 IOCG system developed at structurally high levels and experienced the influx of evolved 
meteoric water. 
Introduction 
The Carajás Mineral Province (CMP) in the southeast portion of the Amazon Craton, known as the 
Central Brazil Shield, is one of the best endowed metallogenic provinces of the planet. This province 
contains significant reserves of iron, copper, gold, manganese, nickel, chromium, PGE, and aluminium. The 
CMP is sub-divided into two Archean tectonic blocks, the Rio Maria granite–greenstone terrain (≥ 2.8 Ga) in 
the south (Huhn et al., 1988a, b) and the Itacaiúnas Shear Belt (≤ 2,76 Ga) in the north (Araújo et al., 1988; 
Fig. 1A). The basement of these tectonic blocks is represented by tonalitic to trondhjemitic gneisses of the 
Xingu Complex (ca 2.8 Ga; Machado et al. 1991) and granulitic rocks of the Pium Complex (~3.0 Ga; 
Rodrigues et al. 1992; Pidgeon et al., 2000).  
In the Itacaiúnas Shear Belt, the basement is overlain by volcanic-sedimentary sequences known 
as the Itacaiúnas Supergroup of ca 2.76 – 2.73 Ga (Machado et al. 1991; Docegeo 1988; Dias et al. 1996) 
and Rio Novo Group (Hirata et al. 1982), which collectively form the Archaean Carajás Basin (Fig. 1B). 
Additionally, large areas of this belt are covered by late Archean (> 2.7 Ga; Mougeot et al., 1996) clastic, 
shallow marine to fluvial sandstones and siltstones of the Rio Fresco Group (Docegeo 1988) or Águas 
Claras Formation (Araújo and Maia 1991; Nogueira and Truckenbrodt 1994; Nogueira et al. 2000). Intrusive 
units include 2.7 Ga (e.g. Plaquê and Estrela) and 2.5 Ga (e.g. Old Salobo) deformed syntectonic alkaline 
granites, mafic-ultramafic differentiated complexes (e.g. Luanga), sills and dikes, and 1.88 Ga alkaline to 
subalkaline A-type granitic stocks and batholiths (e.g. Carajás, Cigano, Young Salobo; Dall’Agnol et al. 
1994; Avelar et al. 1999; Huhn et al. 1999; Barros et al. 2001). The geotectonic setting of the CMP is still 
controversial and three models have been envisaged: a continental-marine rift environment (Farias and 
Saueressig 1982; Docegeo 1988; Olszewski et al. 1989; Lindenmayer 1990), a subduction-related arc 
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environment (Dardenne et al. 1988; Teixeira and Eggler 1994), and a pull-apart basin (Araújo and Maia 
1991).   
The Itacaiúnas Shear Belt contains the largest variety of mineral deposits of the CMP, mostly 
hosted by units of the Itacaiúnas Supergroup, including a series of large-tonnage (>100 Mt ore) magnetite-
rich iron oxide – copper – gold deposits (IOCG) deposits, mainly represented by the Salobo (789 Mt @ 
0.96% Cu, 0.52 g/t Au), Igarapé Bahia (219 Mt @ 1.4% Cu, 0.86 g/t Au), Alemão (170 Mt @ 1,5% Cu e 0,8 
g/t Au), Cristalino (500 Mt @ 1,0% Cu e 0,3 g/t Au), Pojuca/Gameleira (100 Mt @ 0.7 % Cu), Sossego (245 
Mt @ 1.1% Cu, 0.28 g/t Au) and Alvo 118 (170 Mt @ 1.0% Cu; 0.3 g/t Au) deposits (Fig 1B). Some of these 
deposits have been considered as the only Archean examples of this deposit class, such as Igarapé Bahia 
(2.76 Ga - Galarza et al., 2002; or 2.57 Ga - Tallarico et al., 2005), Salobo (2.57 Ga - Réquia et al., 2003), 
and Cristalino (2.72 Ga – Soares et al., 2001).  
Among these economically - important iron oxide–Cu-Au deposit, the Alvo 118 is one of the least 
documented in the province. Moreover, two important characteristics have shed strong implications on the 
genesis of this deposit: the Bi enrichment in the Cu-Au ore geochemical signature and the SHRIMP II Pb-Pb 
age of 1868 ± 7 Ma yielded by hydrothermal xenotime for the mineralization (Tallarico 2003), 
indistinguishable from Pb–Pb ages of zircons from A-type granites (1874 ± 2 Ma to 1883 ± 2 Ma) of the 
CMP. On the basis of these two characteristics, the Alvo 118 has been interpreted by Grainger et al. (2007) 
as a transitional type between the Archean IOCG and the Paleoproterozoic intrusion-related Cu–Au (W–
Sn–Bi) deposits in the CMP. In this context, the temporal relation to the A-type Paleoproterozoic granites of 
the CMP implicates a magmatic connection for the Alvo 118 deposit. 
This work brings a compilation of more recent field relationships and detailed petrographic data 
that, together with fluid inclusion and stable isotope studies, support the classification of the Alvo 118 as 
part of the IOCG systems of the CMP but that developed at structurally higher levels, with the strong 
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Figure 1. (A) Location of the Carajás Mineral Province in the Amazon Craton, northern Brazil. The inset depicts the division of the 
province into two tectonic blocks, the Itacaiúnas Shear Belt (ISB) and the Rio Maria granite-greenstone terrain (RMGGT). 
Modified from Villas and Santos, 2001. (B) Major geological units and regional structures of the northern sector of the Carajás 
Mineral Province (modified from CPRM 2008). 
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Geology of the Alvo 118 deposit 
Host rocks 
The Alvo 118 deposit area (Fig. 2) is located in the southern sector of the Itacaiúnas Shear Belt 
within mafic to intermediate volcanic rocks attributed to the Grão Pará Group (Itacaiúnas Supergroup) 
together with crosscutting gabbro, granite, and quartz porphyry intrusions (Albuquerque et al. 2001, 
Tallarico 2003; Bortholoto, 2007). 
Fine-grained dark green colored mafic volcanic rocks commonly displaying strong chlorite alteration 
and domains with a penetrative mylonitic foliation is the dominant lithotype in the deposit area. Albeit the 
pervasive hydrothermal alteration and deformation, the recognition of altered plagioclase in lath-like 
distribution and relict features (Fig. 3A), such as amygdules filled with quartz and chlorite, suggest a basaltic 
composition for these mafic volcanic rocks. Intermediate volcanic rocks are concentrated in the northern 
part of the deposit area and contain feldspar and quartz phenocrysts in a fine-grained matrix of 
microcrystalline quartz, albite and k-feldspar indicating a dacitic composition. 
Dark grey and medium- to coarse-grained gabbro bodies intrude mainly the mafic volcanic rocks. 
This rock is equigranular, has a sub-ophitic texture and is composed of plagioclase, pyroxene, hornblende, 
and magnetite (Fig. 3B). The granite intrusion is also emplaced within the mafic volcanic rocks and makes 
contact with the intermediate volcanic unit, although the nature of this contact could not be recognized along 
the investigated drill cores. This rock is pink to beige-colored, medium- to coarse-grained and composed 
predominantly of quartz, potassium feldspar, plagioclase, and minor biotite, hornblende and ilmenite (Fig. 
4). In the investigated drill cores, the granite was conspicuously affected by hydrothermal alteration, but its 
composition seems to vary from granodiorite to tonalite (Tallarico 2003). 
Brownish to pinkish-colored dacitic and rhyolitic porphyry dikes commonly crosscut the volcanic and 
intrusive rocks and the mineralized zones, where they are NW-SE striking and sub-vertical (Fig. 2). These 
dikes consist of bi-terminated quartz and k-feldspar phenocrysts immersed in a pink-colored microcrystalline 
matrix with k-feldspar, plagioclase, and quartz (Fig. 3B; Tallarico, 2003; Bortholoto, 2007). These dykes 
were also described at the Sossego deposit (Monteiro et al., 2008) and locally contain both magnetite and 
fine-grained disseminated chalcopyrite suggesting that they were present during hydrothermal alteration 
and mineralization. 
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The crystallization ages of the granite intrusion and the porphyry dikes have been estimated at 
2,743 ± 3 Ma and at 2,645 – 2,654 ± 9 Ma, respectively, via SHRIMP II 207Pb/206Pb ages determined on 
zircon grains (Tallarico, 2003). The former age was correlated with syntectonic alkaline granites of the CMP. 
 
Figure 2. (A) Geological map of the Alvo 118 deposit area in the southern sector of the Itacaiúnas Shear Belt. Note that the low 
and high grade ore zones are oriented according to NW-SE- (Main Trend) and WNW-ESE- (Trend 2)striking structures that 
transect all the main lithologies of the deposit area (Compiled and modified from Vale and CPRM 2008). (B) Geological cross-
sections of the Alvo 118 deposit as interpreted from drilling data. 
 
Torresi, I. 2009. Evolução química e isotópica dos fluídos associados à mineralização de Fe-Cu-Au do depósito Alvo 118, Província 




Figure 3. Main 
hydrothermal alteration 
sequences observed in 
mafic host rocks of the 
Alvo 118 deposit. (A) Meta-
basalt: (1) Undeformed 
basalt with preserved 
amygdules and pervasive 
chlorite alteration cross-cut 
by quartz veinlets; (2) 
Pervasive biotite-chlorite 
alteration involving earlier 
Na-alteration represented 
by scapolite and cross-cut 
by k-feldspar veins; (3) 
Silicification represented by 
quartz-calcite veins; (4) 
Strongly chloritized zone 
with breccia and veins filled 
with quartz, calcite and 




plagioclase; (2) Albitized 
gabbro with cross-cutting 
k-feldspar-biotite-actinolite 
vein; (3) Albitized gabbro 
with cross-cutting k-
feldspar-calcite-quartz 
vein; (4) Albitized gabbro 
with cross-cutting k-
feldspar-albite-epidote 
veins; (5) Gabbro with 
biotite-magnetite pervasive 
alteration; (6) Gabbro 
cross-cut by porphyry 
dyke; (7) Detail of the 
porphyry dyke, with 
porphyritic quartz with k-
feldspar matrix; (8) Halos 
of k-feldspar with biotite-










Torresi, I. 2009. Evolução química e isotópica dos fluídos associados à mineralização de Fe-Cu-Au do depósito Alvo 118, Província 
Mineral de Carajás (PA). 
26 
 
Figure 4. Main hydrothermal alteration sequences 
observed in granitic host rocks of the Alvo 118 deposit. (1) 
Pervasive pink albite alteration  in granite; (2) Albitized 
granite with brittle chlorite alteration as veins stockworks; 
(3) Granite totally replaced by halo of chlorite-biotite 
pervasive alteration cross-cut by quartz-calcite veins; (4) 
Granite totally replaced by halo of chlorite-biotite pervasive 
alteration cross-cut by micro-breccia of quartz-calcite-
apatite; (5) Proximal to mineralization k-feldspar peripheral 
halos replacing earlier pervasive chlorite alteration; (6) Main 
chalcopyrite-bornite mineralized breccia; (7) Main breccia 
filled with calcite-quartz cross-cut by late hematite veins; (8) 
Main breccia filled with k-feldspar cross-cut by fluorite 
veins.   
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Hydrothermal alteration 
Towards the ore zones of the Alvo 118 deposit, the hydrothermal alteration types imprinted on the 
host rocks are characterized by the following sequence: sodic, potassic accompanied by silicification and 
formation of iron oxides, chloritization, and post-ore hydrolytic alteration. The hydrothermal mineral 
assemblages that represent these alteration types show different degrees of development around the ore 
bodies which are markedly influenced by the composition of the host rocks. 
Sodic alteration is generally more restricted and tends to occur particularly in distal sectors of the 
deposit. Scapolite and albite are the main representatives of this alteration. The former is particularly 
developed in gabbro and mafic volcanic rocks by replacing plagioclase (Figs. 3A-B and 5B), whereas the 
latter replaces microcline in intermediate volcanic rocks and granite forming a chessboard albite texture 
(Figs. 4 and 5A). 
Potassic alteration becomes more pervasive proximal to the ore bodies. In intermediate volcanic 
rocks and granite, this alteration is defined by the appearance of cloudy k-feldspar that surrounds or 
invades plagioclase and quartz grains conferring a pink to reddish color to these rocks (Figs. 4 and 5C). 
Biotite represents the main potassic alteration mineral in mafic volcanic rocks and gabbro, although k-
feldspar may also occur replacing previously sodic altered plagioclase crystals (Figs. 3B and 5C). In these 
cases, biotite commonly forms aggregates and replaces mafic minerals, such as pyroxene and, more 
subordinately, hydrothermal amphibole (Figs 3B and 5D). Silicification accompanies potassic alteration in 
the felsic host rocks and is given by the coexistence of hydrothermal k-feldspar and quartz. Magnetite is the 
main accessory hydrothermal phase within potassic alteration domains and marks the onset of iron oxide 
precipitation within the alteration sequence. 
Chloritization post-dates sodic and potassic alterations and is the most widespread and pervasive 
alteration type at the Alvo 118 deposit. Chlorite may either form dense networks of crosscutting veinlets that 
obliterate previous alteration types (Figs. 4 and 5E) or fine-grained massive aggregates that completely 
replace the host rocks in zones of more intense hydrothermal alteration proximal to the orebodies (Figs. 3A, 
4 and 5F-G). In domains of more intense deformation chlorite concentrates along the mylonitic foliation, 
replacing biotite. 
Locally developed in the intermediate volcanic rocks and granite, quartz and sericite represents a 
post-ore hydrolitic alteration that represents the latest stage of the hydrothermal alteration sequence at the 
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Alvo 118 deposit (Fig. 5H). Additionally, veinlets composed of variable proportions of k-feldspar, biotite, 
quartz and magnetite, together with epidote and actinolite, commonly overprint chloritization and Cu-Au 
mineralizaton, indicating the recurrence of higher temperature fluids in the hydrothermal system during the 
hydrothermal alteration episodes (Fig. 3B). 
A schematic summary of the temporal sequence of the hydrothermal alteration at the Alvo 118 























Figure 5. Photomicrographs of 
common distal and proximal 
alteration assemblages at the 
Alvo 118 deposit. (A) Gabbro 
plagioclase partially altered to 
albitic and biotitic alteration; (B) 
Scapolite replacement by gabbro 
plagioclase; (C) Biotite-actinolite 
and k-feldspar-chlorite alteration 
of plagioclase and quartz; 
(D)Aggregate of biotite 
representing the potassic 
alteration that affects mafic 
minerals in gabbro; (E) Irregular 
veins of chlorite that invade and 
replace granitic matrix; (F) 
Irregular masses of chlorite-
magnetite that pervasively 
replace granite; (G) Chlorite-
magnetite alteration affecting 
albitized granite; (H) Late 
sericite-quartz hydrolytic 
alteration in granite. 
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Figure 6. Schematic sequence of the hydrothermal alteration stages recognized from distal to more proximal sectors of the ore 
bodies at the Alvo 118 deposit area (modified from Bortholoto 2007). 
Cu-Au mineralization: structural control and ore mineralogy 
The Cu-Au mineralization at the Alvo 118 deposit is confined to a regional NW-SE-striking shear 
zone that westward also includes Sossego and Cristalino IOCG deposits (Rigon et al., 2000; Fig. 2A). 
Within this regional shear zone the Cu-Au mineralization forms two tabular and sub-vertical orebodies, the 
Principal Trend, with 2.7 km extension along a NW-SE-striking dextral transtentional structure, and Trend 2 
with 1 km extension, controlled by a subsidiary E-W-striking structure (Fig. 7). 
The transition between strongly chloritized host rocks and the Cu-Au mineralization in these 
orebodies is generally sharp and defined by a chalcopyrite-rich breccia and vein stockworks formed in a 
brittle-dominated regime. The chalcopyrite-rich breccia consists of strongly chloritized host rock fragments 
engulfed by irregular to massive aggregates with chalcopyrite (~60%), bornite (~10%), hematite (~20%), 
magnetite (10%), and very minor pyrite (<< 5%), together with abundant calcite intergrowth with quartz and 
chlorite. The latter replaces biotite. Quartz and calcite associated with these ore types commonly form 
coarse euhedral zoned grains and comb-like textures in open-space fillings. Vein stockworks are composed 
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of quartz with variable amounts of calcite, biotite, chalcopyrite, and hematite. Crosscutting relationships 
indicate that the vein stockworks overprint and, therefore, post-date the sulphide-rich breccia. 
 
Figure 7. Schematic three-dimensional model of the Alvo 118 deposit depicting the main orebodies and the distal and proximal 
hydrothermal alteration assemblages. 
Magnetite seems to be more common in the chalcopyrite-rich breccia forming idiomorphic grains 
mostly confined within chlorite aggregates or in contact with chalcopyrite (Figs. 8A). In this case, magnetite 
is variably altered to hematite. Hematite, predominates in vein stockworks where it occurs as bladed grains 
intergrowth with chalcopyrite ± bornite ± chalcosite. Chalcopyrite is frequently replaced by bornite (Figs. 8B-
C) and, more subordinately, by chalcosite in both ore types. Petrographic investigations combined with 
electron microscope analysis also reveal that fluorite, REE-bearing minerals, together with native gold, 
bismuth - gold - silver - tellurides (e.g. petzite, stutzite, hessite, altaite), galena, sphalerite, and cassiterite 
are subordinate but conspicuous ore-related phases in the breccia and veins (Figs. 8F-M). Tellurides, lead-
zinc sulphides, cassiterite, and gold are more frequently found as inclusions within chalcopyrite, whereas 
REE-bearing minerals and fluorite tend to appear randomly distributed preferentially in fine-grained 
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discontinuous seams or irregular aggregates of chlorite in zones of massive chalcopyrite. REE-bearing 
minerals in these zones include F-rich apatite (Fig. 8E), xenotime, monazite, britholite and an Al-poor, Be-B-
HREE silicate of the gadolinite group (Xavier et al. 2008). The latter REE-bearing mineral (Fig. 8D) has 
never been reported in IOCG systems worldwide. Despite the spatial coexistence, microtextural 
relationships reveal that chalcopyrite crosscuts apatite and this Be-B-HREE silicate of the gadolinite group 
indicating precipitation of these alteration minerals previously to the main Cu-Au mineralization. 
Fluid inclusions and stable isotopes 
Analytical methods 
Fluid inclusion studies were conducted on one doubly-polished thin section of quartz present in the 
chalcopyrite ± bornite ± magnetite-hematite breccia selected from the drill hole FD394 that intersects the 
northern portion of the Main Trend orebody. The investigated quartz grains are euhedral and commonly 
display comb-texture in open-space filling sites, as well as, zoning delineated by fluid inclusions. 
Microthermometric data were obtained on a LINKAM THMSG600 heating-freezing stage attached to a 
conventional petrographic microscope at the Instituto de Geociências, Universidade Estadual de Campinas 
(Brazil). The stage was calibrated using the Synflinc set of synthetic fluid inclusions and revealed a 
precision of ± 0.3°C for freezing runs down to –56.6°C and to ± 3°C for heating runs up to 500°C. 
Calcite and chalcopyrite grains for stable isotope analysis were separated from chalcopyrite ± 
bornite ± magnetite-hematite breccia and veins of the Main Trend orebody by handpicking using a circular 
micro drill under a binocular magnifying glass. Twenty five calcite separates were analyzed for δ13C and 
δ18O compositions using a CO2 laser-based extraction line coupled to a Delta V Advantage mass 
spectrometer at the NEG-LABISE of the Universidade Federal de Pernambuco, Recife (Brazil). Sulphur 
isotopic compositions of eight chalcopyrite separates were performed at the Krueger Geochron Laboratory 
(U.S.A) using a conventional extraction line in which sulphide grains react with CuO at temperatures over 
1000oC and generate SO2 gas by combustion, which is then delivered to the mass spectrometer. Oxygen 
and carbon isotope results are expressed in conventional delta (δ) notation, as per mil (‰), and are 
reported relative to the Vienna Standard Mean Ocean Water (VSMOW) and Pee Dee Belemnite (PDB) 
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Figure 8. Photomicrographs showing characteristic features of the Cu-Au ore assemblages at the Alvo 118 deposit: (A) Massive 
chalcopyrite in sharp contact with magnetite partially replaced by hematite; (B) Intergrowth of quartz-calcite with chalcopyrite-
bornite and specularite; (C) Advanced stage of chalcopyrite alteration to bornite. Relicts of chalcopyrite as small islands.  Note the 
presence of stringers of hematite within bornite. (D) Massive chalcopyrite surrounded by fluorite, quartz, chlorite and gadolinite 
(Al-poor, Be-B-HREE silicate). Minor ore-related phases as revealed by back-scattered electron images: (E) Apatite evolved by 
chlorite and cross-cut by chalcopyrite, suggesting the sulphides were crystallized in late stages of the mineralization; (F) Inclusion 
of xenotime in quartz-calcite mass together with chalcopyrite bleb with britholite (Y,Ca)5(SiO4,PO4)3(OH,F) inclusion; (G) 
Cassiterite; (H) Stutzite (Ag5-xTe3) and volynskite (AgBiTe2); (I) Petzite (Ag3AuTe2); (J) Galena, hessite (Ag2Te)  and Bi telluride; 
(L) Ni telluride; (M) Ilmenite, galena and sphalerite among gangue minerals of the ore. 
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Fluid Inclusion Types and Assemblages 
Two types of fluid inclusions were identified in quartz of the investigated ore breccia on the basis of 
the number of phases present at room temperature (Fig. 9): 
Type 1 (LH2O+VH2O) – They correspond to two-phase aqueous inclusions that contain a liquid phase 
(LH2O) and a vapor bubble (VH2O). The latter represents 10 to 20% of the inclusion volume (Fig. 9A).  
Type 2 (LH2O+VH2O + S) – These inclusions are also aqueous and characterized by the presence of 
one solid phase (S), commonly halite, an liquid phase (LH2O) and a vapor bubble (VH2O). The inclusion 
volume occupied by the vapor bubble and solid phase is fairly constant varying respectively from 20% to 
30% and from 10% to 20% (Figs. 8B-C). In general, both types I and II inclusions display sizes rarely larger 
than 15 µm and invariably occur together within single populations, suggesting contemporaneous trapping. 
Single populations with types 1 and 2 inclusions commonly form small and large swarms in the interior of 
euhedral quartz grains or concentrate along intragranular linear planar arrays that may delineate growth 
zones in this mineral. Within these individual populations, type 1 inclusions are predominant and generally 
represent approximately 60% to 70% of the total amount of fluid inclusions. Single populations containing 
only one type of fluid inclusions have not been recognized in the quartz samples of the investigated ore 
breccia, except for those confined to intergranular trails that contain only type 1 inclusions interpreted as 
trapped after quartz crystallization (secondary inclusions). 
Microthermometric results 
Fluid composition, salinities and entrapment process 
During low temperature microthermometric runs, most of the investigated types 1 and 2 aqueous 
inclusions froze completely at temperatures between –75 oC and –100 oC. Upon heating, first melting (Te) 
and ice melting temperatures (Tmi) were systematically recorded for the majority of both inclusion types in 
selected swarms or planar arrays in quartz grains. However, only a few measurements of hydrohalite 
melting temperatures (Tmhh) could be precisely recognized in both inclusion types due to their small size. 
Types 1 and 2 inclusions display marked differences in first melting temperatures. Te values for type 1 
inclusions vary between –40 oC and –21.6 oC, whereas for type 2 inclusions these values concentrate 
between –63.3 oC and -39.8 oC (Fig. 10A). First melting temperatures recorded in fluid inclusions are 
generally considered as proxies of eutectic points of fluid systems and, as a consequence, used to 
qualitatively constrain the bulk chemistry of aqueous inclusion fluids in microthermometric studies (Davis et 
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al. 1990). In this context, the Te range recorded for the type 1 inclusions indicate that these fluids are NaCl-
rich aqueous solutions with variable, but significant concentrations of K, Mg, and Fe chlorides. In contrast, 
the lower Te values obtained for the type 2 inclusions that generally coexist in the same assemblages 
define these brines as NaCl-CaCl2-rich aqueous solutions, with subordinate concentrations of FeCl2 and 
MgCl2 (Figure 9A). 
Ice melting temperatures ranging from –10.5 °C to –0.8 °C yield salinities between 1.4 and 14.4 wt 
% NaCl equivalent for type 1 inclusions in the ore breccia. By comparison, ice melting of type 2 inclusions 
invariably takes place under lower temperature values, ranging from –23.3 oC and –11.2 oC, which indicate 
much higher salinities for these inclusion fluids. However, salinity estimates for type 2 inclusions are 
constrained by the melting of halite. 
Upon heating, total homogenization for type 1 inclusions invariably occurred via the disappearance 
of vapor into the liquid phase between 128 °C and 257 °C (mean= 158 °C). Fluid inclusions of type 2, on 
the other hand, show upon heating vapor disappearance within the interval of 128 °C to 264 °C followed by 
complete homogenization via dissolution of halite between 219 °C and 331 °C (mean= 258 °C). Salinity 
values ranging from 32.8 to 40.6 wt % NaCl equivalent for these saturated aqueous inclusions were 
estimated from halite melting temperatures using the equation of Sterner et al. (1988). These salinity 
estimates, however, are considered as a rough approximation as the equation is theoretically valid only for 
saturated fluid inclusions in which halite and vapor bubble disappear within the same temperature range.  
The ubiquitous spatial coexistence of types 1 and 2 inclusions within the same populations strongly 
suggests that they were simultaneously trapped during the precipitation of the ore breccia quartz within the 
timeframe of the Cu-Au mineralizing episode. Homogenization temperatures plotted against bulk salinity 
values clearly separate types 1 and 2 aqueous inclusions into two distinct groups: a higher temperature 
(>200 °C), highly saline (> 30 wt% NaCl equivalent) brine, represented by type 2 inclusions, and a lower 
temperature (<200 °C), moderate to low salinity (< 15 wt% NaCl equivalent) aqueous fluid defined by type 1 
inclusions (Fig. 10B). Additionally, these fluids are compositionally different: type 2 inclusion fluids are 
compatible with NaCl-CaCl2-rich brines, whereas type 1 inclusion fluids are dominated by NaCl with 
subordinate amounts of KCl, MgCl2, and FeCl2. Thus, although coeval entrapment of these two types of 
inclusion fluids is suggested by fluid inclusion petrography, this process may have taken place preferentially 
by in situ mixing of two originally unrelated fluids, giving rise to variable compositions and salinities by the 
mechanical mixtures of the end-member fluids. 
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The microthermometric data is displayed in Table 1. 
 
Figure 9. Photomicrographs of the main types of fluid inclusions in quartz of the ore breccia at the Alvo 118 deposit. (A) Type 1 
(LH2O+VH2O) fluid inclusions; (B) Type 2 (LH2O+VH2O + S) fluid inclusions; (C) Type 2 (LH2O+VH2O + S) fluid inclusions, including an 
hypersaline inclusion with more than one daughter crystal. 
Carbon and oxygen isotopes of calcite 
The δ13C and δ18O results obtained for calcite separated from the ore (breccia, and veins) and 
barren samples (biotite – chlorite microbreccia and veins that crosscut strongly chlorite-altered gabbro and 
sheared basalt) are listed in Table 2. Calcite from the ore breccia yields δ13CPDB and δ18OSMOW values 
between –8.1 and –5 per mil and 4.9 to 16.5 per mil, respectively. The δ13C values of calcite from 
mineralized veins range from –7.3 to –4.3 per mil and are very similar to those of the ore breccia, but the 
δ18O values display a narrower variation from 6.2 to 7.9 per mil. Calcite from barren samples has δ13C and 
δ18O values that vary, respectively, from –7.5 to –1.7 per mil and 3.9 to 9 per mil. 
On a δ13C versus δ18O plot (Fig. 11), carbon and oxygen isotopic compositions of ore breccia and 
veins are very similar to and indistinguishable from those values of barren calcite samples. If two outliers 
are disregarded, δ13C= –5.9 per mil and δ18O= 16.5 per mil for an ore breccia sample and δ13C= –1.7 per 
mil and δ18O= 9 per mil for a late calcite vein, an oxygen and carbon isotopic negative correlation may be 
considered overall. A comparison of carbonate data from the ore breccia of the Sossego IOCG deposit also 
indicates relatively similar ranges and negative correlation of δ13C and δ18O values (see Figure 12A in 
Monteiro et al., 2008). Additionally, the heavier δ13C and δ18O values of calcite from the ore breccia hosted 
by strongly chloritized gabbro at the Alvo 118 deposit are also similar to those obtained by Monteiro et al. 
(2008) for calcite veins in gabbro (Fig. 11). 
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Figure 10. (A) First melting 
temperatures histograms for types 1 
and 2 aqueous inclusions hosted in 
ore breccia quartz of the Alvo 118 
deposit. (B) Plot of total 
homogenization temperatures 
versus salinities of types 1 and 2 
aqueous inclusions at the Alvo 118 
deposit. Note that the 
homogenization temperatures for 
type 2 inclusions tend to be 
confined along a curve that 
corresponds to the melting of halite 
because the equation of Sterner et 
al. (1988) is valid only for inclusions 
that show halite and vapor 













Figure 11. δ13C and δ18O values 
plot for calcite grains obtained from 
the ore breccia and veins and 
barren samples of the Alvo 118 
deposit. Sossego and Sequeirinho 
field from Monteiro et al. (2008). 
Qtz=quartz; Cpy=chalcopyrite. 
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Table 1. Microthermometric results of fluid inclusions from the Alvo 118 deposit. 
Characteristics No Te (°C) TmHH (°C) Tmi (°C) Tht (°C) Salinity (wt% NaCl eq.) 
Type 1 (L+V) 1 19.3 -20.2 -1.7 141.6 2.9 
 2 -23.2 -19.0 -1.1 144.8 1.9 
 3 -20.6 -22.4 -2.3 146.9 3.9 
 4 -21.0  -1.2 155.9 2.1 
 5 -16.8  -2.8 137.9 4.6 
 6 -29.3  -5.3 157.4 8.3 
 7 -23.0  -3.4 182.5 5.6 
 8 -22.5  -0.9 141.8 1.6 
 9 -21.8  -0.8 148.5 1.4 
 10 -36.6  -4.9 159.3 7.7 
 11 -35.8  -4.0 138.7 6.4 
 12 -37.4  -6.3 157.7 9.6 
 13 -32.3  -3.9 162.7 6.3 
 14 -35.4  -7.9 184.2 11.6 
 15 -30.5  -3.6 139.5 5.9 
 16 -38.5  -1.0 170.0 1.7 
 17 -33.1  -6.0 200.0 9.2 
 18 -30.2  -1.4 257.0 2.4 
 19 -34.9  -4.3 150.0 6.9 
 20 -39.6  -7.0 193.5 10.5 
 21 -26.0  -4.8 188.2 7.6 
 22 -21.6  -5.2 140.0 8.1 
 23 -30.1  -4.2 127.7 6.7 
 24 -36.7  -1.2 157.8 2.1 
 25 -32.5  -8.6 134.0 12.4 
 26 -26.6  -7.1 167.5 10.6 
 27 -33.2  -3.8 160.0 6.2 
 28 -25.9  -10.5 153.4 14.5 
 29 -40.0  -6.1 144.7 9.3 
 30 -35.4  -4.4 130.0 7.0 
 31 -33.0  -8.1 137.4 11.8 
Type 2 (L+V+S) 1 -40.6 -30.6 -16.5 243.9 34.3 
 2 -44.7 -28.1 -21.2 255.1 35.0 
 3 -45.8  -18.4 229.9 33.5 
 4 -41.4  -15.7 254.3 35.0 
 5 -45.8  -11.8 259.7 35.3 
 6 -51.1  -13.1 267.0 35.8 
 7 -50.0  -23.3 219.0 32.9 
 8 -51.6  -13.0 223.0 33.1 
 9 -60.2  -11.2 236.0 33.8 
 10 -63.3  -16.4 245.8 34.4 
 11 -53.5  -11.6 266.8 35.8 
 12 -58.9  -16.7 278.5 36.6 
 13 -49.7  -15.2 300.0 38.2 
 14 -48.3  -17.4 264.0 35.6 
 15 -40.7  -13.2 268.1 35.9 
 16 -60.8  -14.0 299.3 38.1 
 17 -58.1  -15.2 255.0 35.0 
 18 -44.4  -16.1 312.3 39.1 
 19 -61.0  -20.0 330.6 40.7 
 20 -47.5  -19.9 218.0 32.8 
 21 -50.1  -18.5 252.0 34.8 
 22 -49.5  -19.3 235.0 33.8 
 23 -40.3  -13.6 265.4 35.7 
 24 -39.8  -12.4 246.7 34.5 
 25 -46.7  -16.7 230.1 33.5 
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Sulphur isotopes in chalcopyrite 
Sulphur isotope compositions of chalcopyrite at the Alvo 118 deposit range from 5.1 to 6.3 per mil 
(mean= 5.8 ± 0.4 per mil; n=8), with no marking difference between ore breccia and vein samples from the 
Main Trend orebody (Table 2). Despite the small number of analysed samples, a comparison with sulphide 
data from Sossego IOCG deposit reveals that this narrow interval of δ34S values overlap with the sulphur 
isotopic compositions of chalcopyrite in the Sossego, Curral, Baiano and Sequeirinho orebodies, but are 
more enriched in the heavier sulphur isotope than in the Pista, Jatobá, Castanha and Bacaba orebodies 
(Fig. 12). 
Oxygen isotopic composition of the hydrothermal fluids 
Oxygen isotope fractionation factors for calcite-H2O (Zheng 1994) were used to calculate the 
isotopic composition of coexisting water taking into account a temperature range of 220-250oC. This range 
was delimited by the approximated maximum total homogenization temperature of the type 1 inclusions 
(Tht), and the minimum total homogenization temperatures of the type 2 inclusions (Tht), investigated in the 
ore breccia quartz. These temperatures were considered to be appropriated for the ore deposition 
considering the brittle and shallow conditions were fluid mixing took place, forming the breccias and 
hydrothermal assemblages described on the drill holes. In the Alvo 118 ore breccia, Cu-Au mineralization 
formed from a fluid of δ18OH2O values varying from -3.08‰ to 10.86‰ (gap between 4.71‰ to 9.57‰), 
whereas for the vein stockworks of the mineralization the δ18OH2O values are between –2.18‰ to 3.41‰ at 
220-250°C (Fig. 13). 
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Figure 12. Sulphur isotope compositions of chalcopyrite 
at the Alvo 118 deposit and comparison with other IOCG 
deposits of the Carajás Mineral Province, including 
Sossego, Curral, Baiano, Sequeirinho, Pista, Jatobá, 
Castanha, Bacaba, Breves and Serra Verde. Data from 
Monteiro et al. (2008), Réquia and Fontboté (2001), 
Tavaza and Oliveira (2000), Dreher (2004) and 




















Figure 13. Temperature and oxygen isotopic 
composition of mineralizing fluids from the Alvo 118 
deposit, and comparison with the Sossego and 
Sequeirinho orebodies. Sossego deposit data from 
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Table 2. Stable isotopes results from the Alvo 118 deposit. All Values in ‰. 






18O H2O - 220o 
(SMOW)  
δ





FD163/29,67 Barren calcite vein in chloritized gabbro calcite -7.3 8.6 1.6 2.9   
FD283/238,85 Barren calcite vein in chloritized sheared basalt calcite -4.0 4.8 -2.2 -0.9  
FD295/212,00 Barren calcite+quartz distal vein  calcite -4.4 5.8 -1.2 0.1  
FD443/71,20 Barren calcite vein in chloritized sheared basalt calcite -1.7 9.0 2.0 3.3  
FD374/194,40 Barren calcite vein in chloritized sheared basalt calcite -6.8 7.1 0.1 1.4  
FD388/247,50-248,20 Barren biotite+chlorite+calcite microbreccia calcite -4.9 5.6 -1.4 -0.1  
FD388/250,60-250,90 Barren biotite+chlorite+calcite microbreccia calcite -4.8 5.6 -1.4 -0.1  
FD394/95,80-96,50 Barren biotite+chlorite+calcite microbreccia calcite -4.6 3.9 -3.1 -1.8  
FD441/159,14 Barren biotite+chlorite+calcite microbreccia calcite -4.3 6.3 -0.7 0.6  
FD441/312,10 Barren biotite+chlorite+calcite microbreccia with hematite veins calcite -7.5 7.4 0.4 1.7  
FD448/307,00-307,20-307,70 Chalcopyrite+quartz+calcite late vein in sheared basalt calcite+chalcopyrite -6.5 7.9 0.9 2.2 6.3 
FD453/151,50-153,20 Chalcopyrite+quartz+calcite late vein in sheared basalt calcite -5.7 6.6 -0.4 0.9  
FD453/204,40 Chalcopyrite+quartz+calcite late vein in sheared basalt calcite -7.3 7.5 0.5 1.8  
FD374/183,40 Chalcopyrite+quartz+calcite late vein in sheared basalt calcite -4.3 6.4 -0.6 0.7  
FD295/214,50 Chalcopyrite+quartz+calcite late vein in sheared basalt calcite -4.3 6.2 -0.8 0.5  
FD345/127,39 Chalcopyrite+calcite+quartz breccia calcite -7.4 7.6 0.6 1.9  
FD394/251,90-257,20 Chalcopyrite+calcite+quartz breccia calcite+chalcopyrite -6.3 4.9 -2.1 -0.8 5.9 
FD394/259,00-261,20 Chalcopyrite+calcite+quartz breccia calcite -5.0 5.1 -1.9 -0.6  
FD394/265,70-265,80 Chalcopyrite+calcite+quartz breccia with chloritized gabbro fragments calcite -5.9 16.5 9.5 10.8  
FD441/300,70 Chalcopyrite+calcite+quartz breccia with disseminated chlorite calcite -8.1 7.5 0.5 1.8  
FD441/353,50 Chalcopyrite+calcite+quartz breccia with chloritized fragments calcite -7.0 10.4 3.4 4.7  
FD443/183,10-183,50 Chalcopyrite+calcite+quartz breccia with disseminated biotite calcite -7.8 6.9 -0.1 1.2  
FD443/183,40-183,70-183,90 Chalcopyrite+calcite+quartz breccia calcite+chalcopyrite -7.6 7.0 0.0 1.3 5.1-5.9 
FD443/187,20-187,50 
Chalcopyrite+calcite+quartz+K-
feldspar breccia with chloritized 
fragments 
calcite -7.7 8.3 1.3 2.6  
FD453/255,00-255,50 Tabular massive chalcopyrite body inside breccia calcite -5.5 5.8 -1.2 0.1  
FD443/182,10-182,80 Tabular massive chalcopyrite body inside breccia chalcopyrite     6.1 
FD453/260,20-261,35 Chalcopyrite+quartz breccia chalcopyrite     6.1 
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Discussion 
Evolution of the hydrothermal system and ore deposition 
This study allowed the reconnaissance of the sequence of hydrothermal events that took place on 
the host rocks of the Alvo 118 deposit and the characterization of the fluids responsible for the Fe-Cu-Au 
mineralization. Although less developed and more restricted in area, the albite  ±  marialitic scapolite 
assemblage represents an early and more distal sodic alteration (Fig. 15A, stage 1) that surrounds the two 
mineralizing trends of the Alvo 118 deposit. In this zone, scapolite is by far less abundant than albite and 
mostly found in mafic rocks, pervasively replacing plagioclase according to equation (1): 
3NaAlSi3O8 (plagioclase) + Na+ + Cl- ⇌  Na3Al3Si9O24NaCl (scapolite) (1) 
The occurrence of scapolite implies that hypersaline and relatively hot (> 400oC – 500oC; Vanko & 
Bishop 1982) aqueous fluids were responsible for the sodic alteration assemblage in the early stages of the 
hydrothermal system. However, the low abundance of scapolite in this zone suggests that these fluids were 
probably minor components of the whole fluid regime.  
The second hydrothermal event (Fig. 15B, stage 2), which forms peripheral halos around the Fe-
Cu-Au mineralization is comprised by a sequence of chlorite alteration followed by potassic alteration 
(biotite or k-feldspar) with secondary silicification and formation of iron-oxides. Chlorite alteration is the most 
widespread alteration type at the Alvo 118 deposit, occurring during pre- and sin- mineralizing stages. This 
alteration type is structurally controlled by veins and in the proximal zones is characterized by complete 
replacement of k-feldspar and biotite by chlorite (Eqs. 1 and 2). These reactions took place respectively by 
the following equations: 
KAlSi3O8 (k-feldspar) + 6,5 Mg+² + H2O ⇌ Mg6,5(Si3Al)O10(OH)8 (Mg-chlorite) +  K+ + 12H+ (2) 
KFe3AlSi3O10(OH)2 (biotite) + 6H20 + 3Mg+ ⇌  Fe3Mg3(AlSi3)O10(OH)8 (Fe-chlorite) + K+  + 6H+ (3) 
The potassic alteration is conspicuous and occurs pervasively as biotite in the milonityc foliation of 
the mafic rocks, and as microcline and minor orthoclase in the granitic rocks. This suggests that the 
fluid/rock ratio was low, prevailing the composition of the rock over fluid composition. The potassic alteration 
also occurs as veins of k-feldspar with halos of biotite. Coeval with the potassic alteration stage, there is 
also the formation of iron-oxides, represented mainly by magnetite in veins or disseminated and minor 
silicification in the felsic rocks and carbonatization in the mafic rocks, mainly in gabbro. The formation of 
iron-oxide probably is the result of the oxidation of biotite forming k-feldspar and magnetite (Eq. 4): 
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2KFe3AlSi3O10(OH)2 (biotite) + O2 ⇌ 2KAlSi3O8 (k-feldspar) + 2Fe3O4 (magnetite) + 2H2O (4) 
The third hydrothermal event (Figure 15C, stage 3) takes place in brittle regime and results in the 
formation of crackle breccias with infill of calcite and quartz, with variable amounts of apatite, epidote, 
fluorite, chlorite and minor actinolite, followed by the Fe-Cu-Au mineralization.  This paragenesis could be 
formed by the following reaction (Eq. 5; Cho and Liou, 1987; Laird, 1988): 
epidote + actinolite + H2O + CO2 = calcite + chlorite + quartz (5) 
The Fe-Cu-Au mineralization is composed mainly of chalcopyrite, bornite, magnetite, hematite with 
subordinate amounts of REE-bearing minerals, native gold, bismuth - gold - silver - tellurides (e.g. petzite, 
stutzite, hessite, altaite), galena, sphalerite, and cassiterite, that possibly formed by the overpressure of hot 
and saline fluids at low pressures that caused the hydraulic break-up of the host rocks. The lack of minerals 
such as albite, biotite and k-feldspar, as well as the secondary presence of actinolite in this stage, suggests 
that the ore deposition may have taken place at temperatures and pressures lower than < 350 oC and 2 
kbar. 
The increase in the fO2 (Fig. 14) conditions evidenced by the formation of iron oxides, and the 
decrease in the system temperature plus the brittle environment for the mineralization, suggests the input of 
oxidized meteoric water. This is supported by the presence of aqueous low salinity fluid inclusions (L+V, 
type 1, 1.4 to 14.4 wt% NaCl eq.), heavier values of 34S than those for magmatic source obtained from 
chalcopyrite and low δ18O values. Late to the mineralization, hydrolytic alteration prevails at the Alvo 118 
rocks, possibly related to the continuity input of surficially derived fluids. 
This shallow and brittle environment allowed the input of meteoric fluids, which in this fluid-mixing 
scenario could be responsible for the Cu-Au ore precipitation, by the decrease of temperature, salinity and 
of metal chlorides efficiency to transport metals and an increase of the fS2 and fO2 conditions (Fig. 14). The 
following reaction (Eq. 6) represents the precipitation of chalcopyrite by chloride complexes: 
CuClx1-x + 1/2 H2O + FeCly2-y + S2(g) =CuFeS2 (chalcopyrite) + (x+y) Cl- + 3H+ + 0,75 O2 (6) 
Alvo 118: an IOCG system? 
Among other IOCG deposits of the CMP the Alvo 118 deposit shares common characteristics 
including (Table 3): (1) the nature of the host rocks; (2) spatial relation to shear zones and to intrusions of 
different compositions; (3) intense hydrothermal alteration with a progression from early sodic alteration to 
later potassic alteration and finally sulfide mineralization; (4) variable fluid inclusion homogenization 
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temperatures (100–570°C) and salinities (0 to 69 wt% NaCl eq.) in ore-related minerals; and (5) a 
geochemical signature enriched in Fe-Cu-Au ± REE, U, P,Co, Ni (Monteiro et. al., 2009 and Moreto et. al., 
2009). 
Relationship between paragenetic evolution in several IOCG deposits around the Sossego and Alvo 
118 district (eg. Castanha, Jatobá, and Bacaba), suggest synchronicity in the evolution of the hydrothermal 
paleo-systems responsible for the genesis of these deposits. Early hydrothermal alteration stages (sodic to 
potassic alteration) are pre- to sin-tectonic and associated with ductile or ductile-brittle shear zone 
development. Ductile-brittle shear zones and faults acted as major fluid channels for the structurally 
controlled deposits. Regional studies indicate that ductile-brittle shear zones and brittle faults are strongly 
associated with intense hydrothermal alteration in the CMP. The regional structures may have channeled 
fluids that interacted with many rocks in a regional scale. Geological evidences such coupled fluid inclusions 
and stable isotopes at the Alvo 118 deposit, suggest ore deposition within and adjacent to these structures 
may have occurred at shallower levels than the Sossego deposit. The transition from a dominantly ductile-
brittle to a brittle structural regime is accompanied by copper-gold mineralization and late hydrothermal 
alteration (chloritization, carbonatization, hydrolytic alteration). High-temperature (> 500 oC) hydrothermal 
systems, controlled by fluid flow in regional shear zones started to develop first, followed by brecciation and 
copper deposition under brittle conditions at lower temperatures (< 300 oC). Heavier values of 34S than 
those for magmatic source are similar to those obtained by Monteiro et al., (2008), for the Sossego and 
other IOCG deposits from the CMP, and differs from values of deposits like Breves, that are considered as 
intrusion related (Fig. 11). This heavier sulfur sources could be explained by the input of oxidized sulfur from 
the surface, canalized by the entrance of meteoric fluids in the system, or by lixiviation of sulfur from 
regional igneous rocks. The low values of δ18OH2O of the mineralization might be consistent with the brittle 
deformation regime that is inferred for calcite and quartz formation in the mineralized breccia, which would 
have allowed meteoric low temperature fluids access to the system, suggesting a progressive influx of an 
18O-depleted fluid in the mineralization stage. 
The Alvo 118 deposit contains a consistent paragenetic sequence of alteration and mineralization 
that is recognized throughout the deposit and at the Sossego deposit, but with shallower hydrothermal 
assemblages. This, coupled with similar fluid evolution, sulfur sources, and C and O stable isotopes, 
suggests a common evolutionary history for the deposits. However, the available geochronological data for 
IOCG deposits of the Sossego and Alvo118 district are still scarce. Their precision is not sufficiently precise 
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to support that all these deposits are genetically coeval. Additionally, dating of ore related minerals has also 
given different ages even in a single deposit. These age differences could reflect: (1) partial resetting of the 
isotopic systems provoked by tectonic reactivation along shear zones and/or the Archean and 
Paleoproterozoic granitic activity recognized throughout the evolution of the Amazon Craton (Monteiro et. 
al., 2009); (2) possible presence of late hybrid deposits with two mineralizations, one of IOCG signature, 
plus another of 1.88 Ga intrusion related signature (Tallarico, 2003); (3) and the possibility of  
Palaeoproterozoic iron oxide-bearing copper-gold system within the Carajás mineral province (Lobato et. 
al., 2009).  
 
Figure 14. Log aΣs versus Log fO2 showing the stability fields for ion sulphides and oxides at T=350oC and P=2kbar. The 
chalcopyrite-bornite-hematite assemblage occurs in high O2 fugacity conditions. The black area delimitates the approximated 
conditions for the formation of the Alvo 118 deposit, while the arrow shows the oxidation trend. 
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Table 3. Main characteristics of the IOCG deposits of the Carajás Mineral Province. 




Ore morphology/mineralogy Fluid inclusion (T=
oC; 
salinity=wt% eq. NaCl) 
Stable isotopes (‰) Mineralization 
age (Ma) 
Alvo 118 
170 Mt @ 
1.0% Cu; 0.3 
g/t Au (13) 
Mafic and 2.65 Ga 
rhyolite and 2.64 
Ga dacite (11) 
metavolcanics 






Hydraulic breccia and veins infilled 
with magnetite, chalcopyrite and 
bornite 
1. Th= 132.6-257.0o and 
salinity=  1.4-14.4; 2. Th= 
218.0-330.6 and salinity= 
32.8-40.6 
δ
34Ssulphides(CDT)= 5.1 to 6.3; 
δ
18Ocarb(SMOW)= 3.9 to 16.5; 
δ
13Ccarb(PDB)= -8.1 to -1.7; 
δ





245 Mt @ 
1.1% Cu; 0.28 




rocks, gabbro (2) 
Gabbro; granite, 
dolerites (2, 3) 
Na, Na-Ca, k 
alterations, 
chloritization, 
carbonatization (2, 3) 
Hydraulic breccia and veins infilled 
with magnetite, chalcopyrite, 
pyrite, millerite, hematite (2, 3) 
1. Th= 102.0-312.0 and 




34Ssulphides(CDT) = 2.2 to 7.6; 
δ
18Ocarb(SMOW)= 4.8 to 18.3; 
δ
13Ccarb(PDB)= -6.5 to -3.7;   
δ
18Ofluid= 15.4 to −5.0 (3) 
2.2 - 2.3 Ga 
Ar–Ar Act (4) 
Salobo 
749 Mt @ 
0.96% Cu; 





BIF (5, 6) 
2.57 Ga and 
1.88 Ga granites 
(6) 
Na, k, Fe-k 
alterations, propylitic 
(6) 
Pods and lenses of magnetite, 
bornite, chalcopyrite, chalcocite 
and molibdenite controlled by shear 
zone  (5, 6) 
1. CH4<10 mol%); 
2. Th= 360.0 and salinity= 
35.0-58.0; 3. 
Th=133.0-270.0 and 
salinity= 1.0–29.0 (5) 
δ
34S sulphides(CDT)= 0.2 to 
1.6; δ18Ofluid= 6.6 
to 12.1 (5) 
2,579±71 Pb-Pb 
sulphides 2,576± 




Mt @ 1.5% 





rocks, BIF (7, 8) 






Ca alteration (8, 9) 
Breccia zones and dissemination 
veins infilled with chalcopyrite, 
chalcocite, digenite, covelite, 
bornite, pyrite, molibdenite (8, 9) 
Main mineralization: 
Th= 160.0 to 330.0 and 
salinity= 5.0-45.0; Late 
veins: Th= 120.0 to 500.0 
and 
salinity: 2.0-60.0 (11, 12) 
δ
13Ccarb(PDB)= −6.0 to −15.0; 
δ
18Ocarb(SMOW)= 2.0 to 20.0; 
δ












schists, BIF (7)  
2.70 Ga Gabbro; 








uraninite) (14, 15) 
Stratabound, vein stockwork in 
shear zone and fracture infilling by 
magnetite, chacopyrite, pyrite and 
bornite (17) 
1. Th=80.0-160.0 and 
salinity: 
8.0-21.0 
2. Satured inclusions: 
Th=200.0-400.0 (14) 
δ
34Ssulphides(CDT)= 3.1 to 4.8; 
δ
18Ocarb(SMOW)= 8.9 to 10.0; 
δ
13Ccarb(PDB)= −8.4 to −9.5 (15) 
1,734±8 Ar-Ar (k 
alteration) 1,700± 
31 Sm-Nd ore 
(16) 
Cristalino 
300 Mt @ 
1.0% Cu; 0.3 
g/t Au (18)  
Intermediate to 
felsic metavolcanic 




k, Na and Fe 
alteration, 
chloritization, 
carbonatization (18)  
Stockwork, fracture infilling 
breccia by chalcopyrite, pyrite, 
gold, bravoite, cobaltite, millerite 
(18, 19) 




(1) (http://www.vale.com.br/Julho/2004); Lancaster-Oliveira et al. (2000), (2) Carvalho (2009), (3) Monteiro et al. (2008); (4) Marschik and Leveille (2001), (5) Réquia and Xavier (1995); Réquia and 
Fontboté (2001); Réquia et al. (2003), (6) Lindenmayer (1990), (7) Galarza (2003), (8) Tallarico et al. (2005), (9) Tavaza and Oliveira (2000), (10) Dardenne and Schobbenhus (2001), (11) Almada 
(1998), (12) Dreher (2004), (13) Rigon et al. (2000), (14) Ronchi et al.(2000), (15) Lindenmayer et al. (2002), (16) Pimentel et al. (2003), (17) Albuquerque et al. (2001), (18) Huhn et al. (1999, 2000), 
(19) Soares et al. (2001). 
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Figure 15. Schematic model 
illustrating the interpreted 
evolution of the Alvo 118 
deposit. Note that only the 
main hydrothermal alteration 
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Conclusions 
Hydrothermal alteration zones from Alvo 118 are similar to those recognized as forming at different 
depths in IOCG deposits worldwide. The deposit has undergone regional sodic (albite) and sodic–calcic 
alteration controlled by fluid flow in large-scale regional shear zones in its distal portions. These alteration 
types are similar to those typical of deeper portions of IOCG systems. In the other hand at Alvo 118 the ore 
related alterations shows a pattern typical of shallower portions of IOCG systems. Hematite-magnetite 
bodies were formed by low temperature (<250°C) 18O-depleted and of low salinity externally derived fluids, 
mixing with formational/metamorphic fluids of high temperature and high salinity, possibly mixed or 
incorporated with magmatic or bittern fluids (Xavier et al., 2009) contribution, but  strongly modified by 
exchange with magmatic rocks and metavolcano–sedimentary units. Metal and, possibly sulfur, were 
leached from the host rocks in extensive hydrothermal systems probably driven by heat from intrusions and 
tectonic activity. Outwards from the low-temperature hematite-rich bodies, sodic–calcic, and regional sodic 
alteration with local scapolitization of the mafic rocks, reflect increasing in δ18OH2O values, which suggests 
mixing with 18O-enriched regionally derived fluids (Fig. 15). The copper–gold mineralization was late in the 
alteration history. It was marked by a temperature decrease to below 350°C and influx of 18O-depleted 
meteoric–hydrothermal fluids. The ore stage accompanied a transition from ductile–brittle to brittle 
deformation, which may be associated with decompression due to episodic fluid overpressure and pumping 
to the surface. These episodic events might have permitted influx of channeled meteoric water in the 
system that resulted in dilution and cooling of high-temperature highly saline and metalliferous fluid, causing 
deposition of metals transported as metal chloride complexes. 
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